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Introduction {#sec001}
============

The substrate specificity of thrombin is dependent on exosites 1 and 2, positively-charged domains that flank the active site \[[@pone.0157471.ref001],[@pone.0157471.ref002]\]. These exosites modulate the reactivity of thrombin by providing initial binding sites for substrates, inhibitors or cofactors, sterically hindering other interactions, and by allosterically modifying the active site. Exosite 1 is more versatile because it (a) serves as a docking site for substrates, (b) redirects thrombin activity by binding thrombomodulin, and (c) mediates thrombin inhibition by hirudin and heparin cofactor II. In contrast, exosite 2 has a more limited role because it mainly serves to tether or localize thrombin. For example, exosite 2 contributes to thrombin binding to platelet glycoprotein (Gp) Ibα \[[@pone.0157471.ref003],[@pone.0157471.ref004]\] and, by binding heparin, accelerates the inhibition of thrombin by the heparin-antithrombin complex. Exosite 2 also binds the γ′-chain of fibrinogen, thereby mediating a bivalent, high affinity interaction with the variant γ~A~/γ′-fibrinogen \[[@pone.0157471.ref005]\]. In contrast, because the γ~A~-chain lacks a thrombin binding site, thrombin binds the bulk γ~A~/γ~A~-fibrinogen with lower affinity solely via exosite 1 \[[@pone.0157471.ref006],[@pone.0157471.ref007]\]. Both exosites of thrombin also are involved in the interaction of thrombin with factor V, and activated factor V (factor Va) retains affinity for thrombin \[[@pone.0157471.ref008]--[@pone.0157471.ref010]\].

Numerous studies have shown that thrombin is subject to allosteric modulation. For example, binding of Na^+^ to a conserved site on thrombin increases the catalytic activity of thrombin by altering the conformation of the active site \[[@pone.0157471.ref011],[@pone.0157471.ref012]\]. Likewise, ligand binding to exosites 1 or 2 can induce allosteric changes at the active site and/or the reciprocal exosite. Thus, binding of the hirudin peptide \[[@pone.0157471.ref013]--[@pone.0157471.ref015]\], platelet PAR-1 peptide \[[@pone.0157471.ref013],[@pone.0157471.ref016]\], or thrombomodulin \[[@pone.0157471.ref017],[@pone.0157471.ref018]\] to exosite 1 or GpIbα \[[@pone.0157471.ref019]\] or prothrombin fragment 2 \[[@pone.0157471.ref014]\] to exosite 2 elicits conformational changes at the active site. Likewise, binding of prothrombin fragment 2, γ′-peptide (an analog of the thrombin-binding domain on the γ′-chain of fibrinogen), or HD22 (an exosite 2-binding aptamer) attenuates exosite 1-mediated thrombin interactions with fibrin and other ligands, thereby providing evidence of inter-exosite allostery \[[@pone.0157471.ref020]--[@pone.0157471.ref024]\]. Previous studies have demonstrated that the exosite to active site connection is bidirectional, such that ligand binding to the active site of thrombin induces reciprocal allosteric changes at the exosites \[[@pone.0157471.ref021],[@pone.0157471.ref022]\]. However, the studies were performed with peptide ligands, and it remains unknown whether the same bidirectional effects occur with native ligands or in functional assays. To address this gap, we examined the effects of dabigatran, argatroban, and dansylarginine N-(3-ethyl-1,5-pentanediyl)amide (DAPA), active site-directed small molecules that inhibit thrombin with Ki values of 4.5 nM \[[@pone.0157471.ref025]\], 19 nM \[[@pone.0157471.ref026]\], and 45 nM \[[@pone.0157471.ref027]\], respectively, on thrombin binding to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, factor Va, and GpIbα peptide. In addition, the effects of these inhibitors on the binding of radiolabeled thrombin to fibrin clots and its subsequent dissociation were examined.

Experimental Procedures {#sec002}
=======================

Materials {#sec003}
---------

### Reagents {#sec004}

Human thrombin and plasminogen-free fibrinogen were from Enzyme Research Laboratories (South Bend, IN). Fibrinogen was immunodepleted of factor XIII as described \[[@pone.0157471.ref028]\]. Human factors Va and XIII and DAPA were from Haematologic Technologies Inc. (Essex Junction, VT). Recombinant thrombin with Arg residues 93, 97, and 101 changed to Ala (RA-thrombin) was a generous gift from Dr. C. Esmon (Oklahoma Medical Research Foundation). Prionex was from Pentapharm (Basel, Switzerland). γ~A~/γ~A~- and γ~A~/γ′-fibrinogen were isolated and characterized as previously described \[[@pone.0157471.ref007],[@pone.0157471.ref028],[@pone.0157471.ref029]\]. Batroxobin from the venom of *Bathrops atrox moojeni* was from Pentapharm (Basel, Switzerland). D-Phe-Pro-Arg (FPR) chloromethyl ketone was from Calbiochem (EMD Millipore, Toronto ON). Chromozym-Thrombin (Chz-Th) was from Hyphen BioMed (Neuville sur Oise, France). Active dabigatran was generously provided by Dr. J. van Ryn (Boehringer-Ingelheim, Biberach, Germany), whereas argatroban was a gift from Dr. D. Stump (Genentech, South San Francisco, CA). Recombinant hirudin was from Dade-Behring (Marburg, Germany). Chloramine T and sodium metabisulfite were from Sigma-Aldrich and Bolton-Hunter reagent was from Pierce Biotechnology (Rockford, IL). The synthetic peptide corresponding to the thrombin exosite 2-specific binding site at residues 269--286 on GpIbα, (Asp-Glu-Gly-Asp-Thr-Asp-Leu-Tyr(PO3)-Asp-Tyr(PO3)-Tyr(PO3)-Pro-Glu-Glu-Asp-Thr-Glu-Gly; GpIbα269-286ppp) was synthesized with three phosphorylated Tyr residues by Mimotopes (Minneapolis, MN) \[[@pone.0157471.ref030],[@pone.0157471.ref031]\].

### Radiolabeled thrombin {#sec005}

To 10 μl of 0.2 M sodium borate, pH 8.0, and 10 μl (1 mCi) of Na^125^I (McMaster University Nuclear Reactor, Hamilton, ON) was added 5 μl of 1.5 mM Bolton-Hunter reagent in DMSO. The reaction was initiated by adding 10 μl of 5 mg/ml chloramine T in 20 mM sodium phosphate, 150 mM NaCl, pH 7.4 (PBS). After 1 min at 23°C, the reaction was stopped by addition of 10 μl of 12 mg/ml sodium metabisulfite in PBS. To the reaction mixture was added 150 μg of thrombin and after incubation for 1 hr at 23°C, the reaction was terminated by addition of 100 μl of 0.2 M glycine in 0.2 M sodium borate, pH 8.0. Labeled thrombin was isolated on a PD-10 column (GE Healthcare, Baie d'Urfe, PQ), and eluted with 20 mM Tris-HCl, 150 mM NaCl, pH 7.4 (TBS) containing 0.01% Tween-80 (TBS-Tw). The specific activity of the labeled thrombin was 3.8 x 10^8^ cpm/mg.

### Active site-blocked thrombin {#sec006}

Thrombin (3--3.5 mg/ml) was incubated with 2-fold molar excess of FPR chloromethyl ketone at 23°C. After 30 min, absence of residual activity of 2 μM FPR-thrombin was determined at 405 nm with 200 μM Chz-Th in a Spectramax plate reader (Molecular Devices, Sunnyvale CA). The sample was washed with TBS and concentrated using an Amicon Ultra 4 ml-- 3000 MW centrifugal cartridge (Millipore) \[[@pone.0157471.ref014]\].

Methods {#sec007}
-------

### SPR {#sec008}

Studies were performed using a Biacore T200 (GE Healthcare). γ~A~/γ~A~-fibrinogen, γ~A~/γ′-fibrinogen, and factor Va were immobilized to separate flow cells of a CM5 sensor chip using the amine coupling kit from GE Healthcare \[[@pone.0157471.ref032]\]. Briefly, after injecting the 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride/N-hydroxysuccinimide mixture into the flow cell at a rate of 10 μl/min for 420 s, 50 μg/ml of γ~A~/γ~A~- or γ~A~/γ′-fibrinogen or 28 μg/ml factor Va in 10 mM acetate buffer, pH 4.5, was injected at a rate of 5 μl/min until about 8000 response units (RU) were immobilized. High levels of protein were adsorbed because previous studies indicate that only 30% of bound fibrinogen is in an accessible orientation, and because of the large difference in molecular weight between the bound ligands and the analyte thrombin \[[@pone.0157471.ref028]\]. Flows cells were then washed with 1 M ethanolamine for 420 s, followed by the running buffer composed of 20 mM HEPES, 150 mM NaCl, pH 7.4 (HBS) containing 0.01% Tween-80 (HBS-Tw) and 5 mM CaCl~2~. To convert the immobilized fibrinogen to fibrin, flow cells were subjected to successive 60-min injections of up to 1 μM thrombin \[[@pone.0157471.ref024],[@pone.0157471.ref028],[@pone.0157471.ref032]\]. Quantitative conversion to fibrin was evidenced by saturable decline in RU following thrombin treatment \[[@pone.0157471.ref033]\].

To measure binding to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin or factor Va, increasing concentrations of up to 5 μM thrombin or FPR-thrombin were injected into the flow cells. To measure the effects of dabigatran, argatroban, and DAPA on thrombin binding to fibrin or factor Va, 250--500 nM thrombin or FPR-thrombin was incubated with 0--5 μM inhibitor and injected into the flow cells. Because of the fast on- and off-rates, all SPR experiments were performed at a flow rate of 25 μl/min \[[@pone.0157471.ref028]\]. Association times were 120 s and dissociation was monitored by washing the flow cells with HBS-Tw for 600 s. Between runs, flow cells were regenerated with a 45 s wash with HBS-Tw containing 0.5 M CaCl~2~.

The K~d~ values for one-site binding of thrombin to γ~A~/γ~A~-fibrin were determined from plots of RU values at equilibrium (Req) *versus* thrombin or FPR-thrombin concentration using Biacore T200 Evaluation software v 1.0. The rapid approach to equilibrium at the low flow rate nullified any potential mass transport concerns. Nonspecific binding was accounted for by subtracting the control RU values obtained from the unmodified flow cell. To calculate two-site binding of thrombin to γ~A~/γ′-fibrin or factor Va, plots were subjected to kinetic analysis using a two-site binding model. EC~50~ values for the effect of dabigatran, argatroban, or DAPA on thrombin binding were determined by plotting Req values against the concentration of active site inhibitor and using non-linear regression to fit these to a rectangular hyperbola.

To examine the effect of the active site inhibitors on exosite 2-mediated binding, 1 mg of GpIbα269-286ppp in HBS was biotinylated at its NH~2~-terminus by incubation with a 10-fold molar excess of Hook-Sulfo-NHS-LC biotin (G-Biosciences, St. Louis, MO) for 1 h at 23°C. After separation from unincorporated reagent by chromatography on Sephadex G15, fractions containing biotinylated peptide were identified by monitoring absorbance at 204 nm. Streptavidin (Sigma) was attached to flow cells of a CM5 chip to about 12000 RU and biotin (b)-GpIbα269-286ppp was then adsorbed to about 150 RU above the streptavidin background. Aliquots of thrombin or RA-thrombin up to 4 μM in HBS-Tw were injected into the flow cell at 25 μl/min for 80 s, followed by HBS-Tw for 200 s. Between runs, flow cells were regenerated with 1 M NaCl for 30 s. To measure the effect of dabigatran, argatroban, or DAPA on this interaction, 250 nM thrombin was injected in the presence of 0--5000 nM dabigatran, argatroban, or DAPA. EC50 values were determined as above. To quantify the effects of inhibitors on binding affinity, 0--2 μM thrombin was injected in the presence of 2.5 μM active site inhibitor at 25 μl/min for 60 s. Binding affinities were calculated as described above.

### Effect of dabigatran, argatroban and DAPA on ^125^I-thrombin binding to fibrin clots {#sec009}

To a series of 1.5-ml micro-centrifuge tubes containing 0--1 μM dabigatran or argatroban, 0--4 μM DAPA, or 0--0.1 μM hirudin were added 10 nM ^125^I-thrombin, 3 μM γ~A~/γ~A~-fibrinogen or 1 μM γ~A~/γ′-fibrinogen, 2 mM CaCl~2~ and 1 unit/mL batroxobin in TBS-Tw in a total volume of 100 μl \[[@pone.0157471.ref024],[@pone.0157471.ref028],[@pone.0157471.ref032]\]. Batroxobin was used to induce clotting because its activity is unaffected by the inhibitors (not shown). After incubation for 1 h at 23°C, clots were pelleted by centrifugation at 14,000 × g for 4 min and 50-μl aliquots of supernatant were removed and counted for radioactivity using a gamma counter (Wizard^2^ 2470, Perkin-Elmer) to determine the concentration of unbound ^125^I-thrombin. EC~50~ values for the effect of the inhibitors were calculated by fitting plots of bound ^125^I-thrombin versus the inhibitor concentration by non-linear regression analysis to an equation for a rectangular hyperbola. K~i~ values were then determined using the Cheng-Prusoff equation and the dissociation constant of ^125^I-thrombin for fibrinogen as determined in a separate experiment.

### Dissociation of ^125^I-thrombin from fibrin clots {#sec010}

Dissociation of ^125^I-thrombin from preformed fibrin clots was performed as described \[[@pone.0157471.ref028]\]. Briefly, clots were formed around plastic inoculation loops by clotting a 130 μl solution containing 3 μM γ~A~/γ~A~-fibrinogen and 30 nM factor XIII in TBS-Tw containing 2 mM CaCl~2~ with 10 nM ^125^I-thrombin. After incubation for 1 h, clots were immersed in 50 ml plastic tubes containing 10 ml of 100 nM dabigatran, argatroban or DAPA, or 2 M NaCl in TBS-Tw at 23°C. At defined intervals, aliquots were removed, counted for radioactivity, and returned to the tubes. Plots of residual radioactivity versus time were analyzed using a 2-phase exponential decay equation \[[@pone.0157471.ref028]\].

*Statistical analysis*--All experiments were performed at least three times. Results are presented as the mean ± standard deviation (SD). Paired data were compared using Student t-tests; whereas group means were compared using one-way ANOVA followed by Tukey\'s test for multiple comparisons. For all analyses, p values less than 0.05 were considered statistically significant.

Results {#sec011}
=======

SPR analysis of the interaction of thrombin with immobilized fibrin or factor Va {#sec012}
--------------------------------------------------------------------------------

Increasing concentrations of thrombin or FPR-thrombin were injected into flow cells containing immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va \[[@pone.0157471.ref024],[@pone.0157471.ref028]\]. Because sensorgram profiles rapidly reached equilibrium, Req values were determined and plotted versus the analyte concentration to determine K~d~ ([Fig 1](#pone.0157471.g001){ref-type="fig"}). Non-specific binding is not a major concern because prothrombin exhibited only weak affinity for immobilized fibrin, and thrombin did not bind to immobilized ovalbumin (not shown). As expected, more thrombin and FPR-thrombin bound to γ~A~/γ′-fibrin than to γ~A~/γ~A~-fibrin. Binding to γ~A~/γ~A~-fibrin was via a single lower affinity site, whereas binding to γ~A~/γ′-fibrin occurred through higher and lower affinity interactions, demonstrating involvement of both exosites ([Table 1](#pone.0157471.t001){ref-type="table"}) \[[@pone.0157471.ref028],[@pone.0157471.ref032]\]. Affinities are similar to those reported previously using SPR and fibrin clots \[[@pone.0157471.ref007],[@pone.0157471.ref024]\]. More thrombin and FPR-thrombin also bound to factor Va than to γ~A~/γ~A~-fibrin. The higher affinities for factor Va than for γ~A~/γ~A~-fibrin are consistent with interaction mediated by both exosites \[[@pone.0157471.ref008]--[@pone.0157471.ref010]\]. The affinities of FPR-thrombin for fibrin and factor Va were \~50% higher than those of active thrombin (p \< 0.001).

![Binding of thrombin or FPR-thrombin to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va.\
Increasing concentrations of thrombin or FPR-thrombin up to 5000 nM were injected into individual flow cells of a CM5 biosensor chip containing immobilized (A) γ~A~/γ~A~-fibrin, (B) γ~A~/γ′-fibrin, or (C) factor Va. Samples were injected for 120 s at 25 μl/min, followed by a 600 s wash to monitor dissociation. *Left panels*; sensorgram tracings of representative runs for thrombin and FPR-thrombin are shown in succession. Analyte concentrations are 39, 78, 156, 313, 625, 1250, 2500, 5000 nM, or as indicated. *Right panels*; from each sensorgram, the amount of thrombin (open circles) or FPR-thrombin (closed circles) bound at equilibrium after background correction (Req) was determined and plotted against the thrombin concentration. Data points represent the mean ± S.D. of 3 experiments, and the *lines* represent nonlinear regression analysis.](pone.0157471.g001){#pone.0157471.g001}

10.1371/journal.pone.0157471.t001

###### Dissociation constants (K~d~) for the binding of thrombin to fibrin, factor Va and GpIbα269-286ppp.

The binding of thrombin or FPR-thrombin to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, factor Va or GpIbα269-286ppp was quantified using SPR. K~d~ values for thrombin binding to γ~A~/γ~A~-fibrin and GpIbα269-286ppp were determined by steady state analysis, whereas bivalent binding of thrombin to γ~A~/γ′-fibrin and factor Va was determined by kinetic analysis for a two-site model using BIAevaluation software. K~d~ values are shown as mean ± S.D. for three separate experiments.

![](pone.0157471.t001){#pone.0157471.t001g}

                                         Thrombin    FPR-thrombin                    
  -------------------------------------- ----------- --------------- --------------- --------------
  **γ**~**A**~**/γ**~**A**~**-fibrin**   3887 ± 36   \-              2110 ± 140      \-
  **γ**~A~/**γ′-fibrin**                 2631 ± 18   211.6 ± 0.9     1434.2 ± 56.8   110.4 ± 14.0
  **Factor Va**                          1471 ± 73   219.8 ± 189.4   831.2 ± 13.7    130.4 ± 17.7
  **GpIbα269-286ppp**                    306 ± 11    \-              211 ± 1         \-

Effects of dabigatran, argatroban or DAPA on thrombin binding to immobilized fibrin or factor Va {#sec013}
------------------------------------------------------------------------------------------------

Binding of 250--500 nM thrombin or FPR-thrombin to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va was assessed by SPR in the presence of increasing concentrations of dabigatran, argatroban, or DAPA. Dabigatran reduced thrombin bound to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, and factor Va in a concentration-dependent manner ([Fig 2](#pone.0157471.g002){ref-type="fig"}) with EC~50~ values of 184.6 ± 4.3 nM, 182.4 ± 15.0 nM, and 204.2 ± 17.0 nM, respectively. At saturation, dabigatran reduced thrombin binding to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, and factor Va by 47.6 ± 0.4%, 28.4 ± 1.6%, and 37.9 ± 3.2%, respectively ([Table 2](#pone.0157471.t002){ref-type="table"}). As a control, experiments using FPR-thrombin in place of thrombin demonstrated no effect of dabigatran on binding, confirming that dabigatran binds specifically to the active site ([Fig 2](#pone.0157471.g002){ref-type="fig"}).

![Effect of dabigatran, argatroban, or DAPA on thrombin binding to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va.\
Increasing concentrations of dabigatran (closed circles), argatroban (closed triangles), or DAPA (closed squares) up to 5 μM were pre-incubated with thrombin prior to injection into individual flow cells containing immobilized (A) γ~A~/γ~A~-fibrin, (B) γ~A~/γ′-fibrin, or (C) factor Va. Sample injection was followed by a 600 s wash with buffer to monitor dissociation. *Left panels*; representative sensorgrams of the effects of increasing concentrations of dabigatran, argatroban or DAPA on thrombin binding are shown in succession. *Right panels*; the ratios of Req values of thrombin bound in the absence (Bound~o~) and presence (Bound) of dabigatran, argatroban or DAPA are plotted against the input inhibitor concentrations. Open symbols represent the effects of the inhibitors on FPR-thrombin binding to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va. Data points represent the mean ± S.D. of 3 experiments, and the *lines* represent nonlinear regression analysis.](pone.0157471.g002){#pone.0157471.g002}

10.1371/journal.pone.0157471.t002

###### Effect of dabigatran, argatroban, or DAPA on thrombin binding to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, factor Va, or GpIbα269-286ppp.

The effect of 0--5000 nM dabigatran, argatroban, or DAPA on the binding of thrombin to immobilized γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, factor Va or GpIbα269-286ppp was quantified using SPR. EC~50~ values were determined by plotting the Req values against the inhibitor concentration and fitting by nonlinear regression analysis using BIAevaluation software. Change is the calculated difference between thrombin binding in the absence of inhibitors and that determined at saturating inhibitor concentration. Values are shown as mean ± S.D. for three separate experiments.

![](pone.0157471.t002){#pone.0157471.t002g}

                                         Dabigatran     Argatroban      DAPA                                          
  -------------------------------------- -------------- --------------- ------------- --------------- --------------- ---------------
  **γ**~**A**~**/γ**~**A**~**-fibrin**   184.6 ± 4.3    \- 47.6 ± 0.4   62.4 ± 4.8    \+ 47.2 ± 1.0   514.1 ± 24.0    \+ 25.1 ± 0.5
  **γ**~**A**~**/γ′-fibrin**             182.4 ± 15.0   \- 28.4 ± 1.6   59.4 ± 5.1    \+ 44.5 ± 2.3   515.9 ± 31.0    \+ 27.7 ± 1.5
  **Factor Va**                          204.2 ± 17.0   \- 37.9 ± 3.2   23.4 ± 8.8    \+ 15.1 ± 3.9   565.1 ± 200     \+ 13.2 ± 3.2
  **GpIbα269-286ppp**                    ---            0               161.0 ± 2.6   +17.3 ± 0.6     1288.3 ± 32.3   +25.4 ± 0.0

In contrast to the results with dabigatran, argatroban and DAPA increased thrombin binding to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, and factor Va in a concentration-dependent manner with EC~50~ values for argatroban of 62.4 ± 4.8 nM, 59.4 ± 5.1 nM, and 23.4 ± 8.8 nM, respectively, and for DAPA of 514.1 ± 24.0 nM, 515.9 ± 31.0 nM, and 565.1 ± 200 nM, respectively ([Fig 2](#pone.0157471.g002){ref-type="fig"}). Although argatroban and DAPA are reported to bind thrombin with similar affinities, the EC~50~ values for argatroban were more than 10-fold lower than those for DAPA. As observed with dabigatran, neither argatroban nor DAPA had any effect on FPR-thrombin binding to γ~A~/γ~A~-fibrin, γ~A~/γ′-fibrin, or factor Va ([Fig 2](#pone.0157471.g002){ref-type="fig"}). Therefore, reversible engagement of the active site by small molecules allosterically modulates the exosite-mediated interactions of thrombin with fibrin and factor Va.

Effects of dabigatran, argatroban and DAPA on thrombin binding to GpIbα269-286ppp {#sec014}
---------------------------------------------------------------------------------

Thrombin bound to the immobilized GpIbα269-286ppp peptide with a K~d~ of 306 ± 11 nM ([Fig 3A](#pone.0157471.g003){ref-type="fig"}; [Table 1](#pone.0157471.t001){ref-type="table"}); an affinity intermediate between that reported for a similar peptide and for glycocalicin \[[@pone.0157471.ref030],[@pone.0157471.ref034]\]. In contrast, RA-thrombin, an exosite 2 variant, did not bind (not shown), consistent with the reported specificity of this interaction for exosite 2 \[[@pone.0157471.ref030]\]. Thrombin binding to the GpIbα269-286ppp peptide was then quantified in the presence of increasing concentrations of inhibitors. Whereas dabigatran had no effect on thrombin binding, argatroban and DAPA increased the amount of thrombin bound by 17% and 25%, respectively ([Fig 3B](#pone.0157471.g003){ref-type="fig"}; [Table 2](#pone.0157471.t002){ref-type="table"}). Binding to GpIbα269-286ppp was then quantified in the presence of 2.5 μM dabigatran, argatroban or DAPA. Whereas thrombin bound with similar affinity in the presence of dabigatran (K~d~ 306 ± 11 nM; not shown) as in its absence, the affinity of thrombin for GpIbα269-286ppp significantly (p \< 0.001 by ANOVA) increased by 25--35% in the presence of argatroban or DAPA (K~d~ values of 229 ± 7 nM and 197 ± 5 nM, respectively). These findings demonstrate that occupation of the active site by some, but not all, small molecules increases the affinity of ligands for exosite 2, similar to the observation for exosite 1-dependent interactions.

![Binding of thrombin to immobilized GpIbα269-286ppp.\
*A*. Increasing concentrations of thrombin up 4 μM were injected at a rate of 25 μl/min into flow cells of a streptavidin-coated CM5 biosensor chip containing adsorbed biotinlylated GpIbα269-286ppp. Response units (RU) are plotted versus time for the indicated thrombin concentrations (in nM) in triplicate (inset). RU values at equilibrium (Req) were determined and plotted versus the input thrombin concentration. The data were analyzed by nonlinear regression (line) to a rectangular hyperbola to determine K~d~. Symbols represent mean ± SD for from 3 runs. *B*. Thrombin (250 nM) was injected into flow cells containing immobilized biotinlylated GpIbα269-286ppp in the presence of 0--5000 nM dabigatran (circles), argatroban (triangles), or DAPA (squares). Req values were determined, converted to a fraction of that measured in the absence of inhibitor (Bound/Bound~0~), and plotted versus the inhibitor concentration. Data points indicate mean ± SD for 3 determinations, and the *lines* represent nonlinear regression analyses.](pone.0157471.g003){#pone.0157471.g003}

Effects of dabigatran, argatroban and DAPA on ^125^I-thrombin binding to fibrin clots {#sec015}
-------------------------------------------------------------------------------------

Although the affinities of thrombin and FPR-thrombin for γ~A~/γ~A~- and γ~A~/γ′-fibrin determined by SPR are comparable with those obtained with fibrin clots \[[@pone.0157471.ref028]\], it was important to confirm that the allosteric response observed using SPR also occurred in a functional assay with three-dimensional fibrin clots. ^125^I-thrombin bound γ~A~/γ~A~- and γ~A~/γ′-fibrin clots with K~d~ values of 3.6 ± 0.3 μM and 1.2 ± 0.2 μM (not shown), respectively; values comparable with those obtained using SPR and with those published previously \[[@pone.0157471.ref032]\]. Up to 70% of the ^125^I-thrombin bound to fibrin, demonstrating that labeling had little effect on the capacity of thrombin to bind to fibrin.

Dabigatran reduced ^125^I-thrombin binding to γ~A~/γ~A~- and γ~A~/γ′-fibrin clots in a concentration-dependent manner with K~i~ values of 3.8 ± 1.5 nM and 26.0 ± 4.0 nM, respectively ([Fig 4](#pone.0157471.g004){ref-type="fig"}). The K~i~ value for the thrombin interaction with γ~A~/γ~A~-fibrin is comparable with the value of 4.5 nM obtained by chromogenic assay \[[@pone.0157471.ref035]\]. The K~i~ value is higher with γ~A~/γ′-fibrin than γ~A~/γ~A~-fibrin, likely reflecting the higher affinity, bivalent interaction mediated by both exosites \[[@pone.0157471.ref007]\]. As observed using SPR, dabigatran produced a 2-fold greater reduction in thrombin binding to γ~A~/γ~A~-fibrin than to γ~A~/γ′-fibrin (p \< 0.05); a difference that likely reflects the higher affinity of thrombin for γ~A~/γ′-fibrin. To verify the role of exosite 1 in binding, the effect of hirudin also was examined. As expected, hirudin fully inhibited ^125^I-thrombin binding to γ~A~/γ~A~- and γ~A~/γ′-fibrin. In agreement with the SPR observations, argatroban and DAPA enhanced the binding of ^125^I-thrombin to γ~A~/γ~A~- and γ~A~/γ′-fibrin clots to a similar extent (\~15--25%) ([Fig 4](#pone.0157471.g004){ref-type="fig"}, [Table 3](#pone.0157471.t003){ref-type="table"}). Collectively, therefore, the data obtained with fibrin clots support the SPR results and suggest that active site engagement induces allosteric changes in the thrombin exosites, with the direction and magnitude determined by the ligand.

![Effect of dabigatran, argatroban, DAPA, or hirudin on the binding of ^125^I-thrombin to fibrin clots.\
Increasing concentrations of dabigatran (circles), argatroban (triangles), DAPA (squares), or hirudin (diamonds) were added to samples containing 10 nM ^125^I-thrombin, 2 mM CaCl~2~, 1 U/mL batroxobin and (A) 3 μM γ~A~/γ~A~-fibrinogen, or (B) 1 μM γ~A~/γ′-fibrinogen. After incubation for 1 h, clots were pelleted and aliquots of supernatant were counted for radioactivity. The ratios of ^125^I-thrombin bound in the absence or presence of inhibitor are plotted against the inhibitor concentrations. Data points represent the mean ± S.D. of 2--3 experiments, each performed in duplicate, and the *lines* represent nonlinear regression analysis.](pone.0157471.g004){#pone.0157471.g004}

10.1371/journal.pone.0157471.t003

###### Effect of dabigatran, argatroban, DAPA or hirudin on ^125^I-thrombin binding to fibrin clots.

Binding of ^125^I-thrombin to γ~A~/γ~A~- or γ~A~/γ′-fibrin clots in the absence or presence of dabigatran, argatroban, DAPA, or hirudin was determined by measuring the amount of ^125^I-thrombin in the supernatants of compacted clots prepared by incubating γ~A~/γ~A~- or γ~A~/γ′-fibrinogen with a catalytic amount of batroxobin. EC~50~ values were determined by nonlinear regression analysis and converted to K~i~ values by correction for K~d~ of ^125^I-thrombin for fibrin. Change denotes the maximal change in the percentage of bound ^125^I-thrombin compared with that in the absence of inhibitor.

![](pone.0157471.t003){#pone.0157471.t003g}

                                         Dabigatran   Argatroban    DAPA        Hirudin                                               
  -------------------------------------- ------------ ------------- ----------- ------------- ------------- ------------- ----------- ------
  **γ**~**A**~**/γ**~**A-**~**fibrin**   3.8 ± 1.5    -21.4 ± 3.3   2.4 ± 1.9   +18.3 ± 5.0   2.1 ± 0.9     +17.0 ± 2.7   3.4 ± 0.3   -100
  **γ**~**A**~**/γ′-fibrin**             26.0 ± 4.0   -9.4 ± 1.4    7.0 ± 5.6   +26.1 ± 0.4   19.6 ± 19.1   +20.1 ± 3.6   3.4 ± 0.1   -100

Effects of dabigatran, argatroban and DAPA on ^125^I-thrombin dissociation from fibrin clots {#sec016}
--------------------------------------------------------------------------------------------

To determine whether the alteration in the affinity of thrombin for fibrin in the presence of active site inhibitors influences the amount of thrombin associated with fibrin, dissociation from fibrin clots was examined \[[@pone.0157471.ref028]\]. Clots formed from γ~A~/γ~A~-fibrinogen in the presence of ^125^I-thrombin were incubated in buffer in the absence or presence of active site inhibitors and the amount of ^125^I-thrombin released from the clot over time was quantified. Biphasic analysis was used to evaluate the fast non-adsorbent and slow bound phases of dissociation of thrombin from fibrin. In the control, the bound fraction dissociated with a half-life of 20.5 ± 3.1 h, whereas in the presence of 2 M NaCl where ionic interactions are abrogated, the rate of dissociation was significantly faster (p = 0.02) at 14.2 ± 1.2 h ([Fig 5](#pone.0157471.g005){ref-type="fig"}). The half-life values in the presence of 2.5 μM dabigatran, argatroban, and DAPA were 17.7 ± 2.3 h, 25.5 ± 2.9 h, and 23.7 ± 2.9 h, respectively. Although these values were not significantly different from the control, there was a trend for more rapid dissociation in the presence of dabigatran. However, the half-lives in the presence of argatroban and DAPA were significantly longer than that in the presence of dabigatran (p = 0.01 and 0.02, respectively). These data are consistent with the effects of the inhibitors on the affinity of thrombin for fibrin, and confirm the differences in response between dabigatran and argatroban or DAPA.

![Effect of dabigatran, argatroban, DAPA, or hirudin on the dissociation of ^125^I-thrombin from fibrin clots.\
Clots were formed around plastic loops by incubating 3 μM γ~A~/γ~A~-fibrinogen and 30 nM factor XIII with 10 nM ^125^I-thrombin in the presence of 2 mM CaCl~2~ for 1 h. Clots were immersed in 10 ml TSTwCa buffer alone, or buffer containing 100 nM dabigatran, argatroban, or DAPA, or 2 M NaCl. At intervals, aliquots were removed and counted for radioactivity. Residual counts were normalized with respect to time zero and plotted versus time. Data were analyzed by two phase exponential decay (lines) to determine the half-lives of dissociation. Symbols represent the mean ± SD of 4 experiments.](pone.0157471.g005){#pone.0157471.g005}

Discussion {#sec017}
==========

The purpose of this study was to determine whether occupation of the active site of thrombin by small molecules induces functional changes at its exosites. We chose fibrin, factor Va and GpIbα269-286ppp as targets for three reasons. First, their use enabled studies with unmodified, active thrombin. Second, the mode of interaction of thrombin with these ligands has been well characterized; thus, binding of thrombin to γ~A~/γ~A~-fibrin and GpIbα269-286ppp is solely dependent on exosite 1 and exosite 2, respectively, whereas thrombin binding to γ~A~/γ′-fibrin and factor Va requires both exosites. Third, the use of native ligands such as fibrin and factor Va would complement previous results obtained with peptide ligands, and the use of fibrin would enable confirmation in functional assays. Dabigatran and argatroban were chosen because they are highly specific for thrombin and their interactions with the active site of thrombin have been extensively investigated and because both agents are in clinical use. DAPA was chosen to complement the results with argatroban because both incorporate an Arg group that is essential for specificity \[[@pone.0157471.ref036],[@pone.0157471.ref037]\].

Dabigatran saturably reduces thrombin binding to γ~A~/γ~A~-fibrin and factor Va by 28--48%, but has no effect on the interaction of thrombin with Gp1bα269-286ppp. Surprisingly, argatroban and DAPA increase thrombin binding to γA/γA-fibrin, γ~A~/γ′-fibrin, factor Va and GpIbα269-286ppp by 13--47%. The observations with fibrin were confirmed using three-dimensional fibrin clots and were not dependent on the affinity of the inhibitors for thrombin because dabigatran, argatroban and DAPA inhibit thrombin with similar nanomolar K~i~ values. DAPA and argatroban also slow the dissociation of thrombin from fibrin clots in a manner consistent with their enhancement of the affinity of thrombin for fibrin. Thus, these studies demonstrate allosteric effects of active site binding on thrombin, and provide evidence that responses are ligand specific.

Investigation into the allosteric regulation of thrombin has shown that binding of a variety of effectors to the exosites modulates the active site. This phenomenon has been attributed to a complex allosteric network within thrombin that is subject to modulation through surface residues \[[@pone.0157471.ref013],[@pone.0157471.ref016]\]. Within the active site, residues in the S~1-4~ subsites and the 60- and autolysis-loops contribute to this allosteric network \[[@pone.0157471.ref016],[@pone.0157471.ref017],[@pone.0157471.ref038],[@pone.0157471.ref039]\]. These regions within the active site make unique contact with individual substrates and are perturbed by exosite ligands, thereby rendering them central to allosteric regulation. It is interesting to compare the interaction of dabigatran, argatroban and DAPA with the active site of thrombin because dabigatran induces effects that differ from those of argatroban and DAPA. Although dabigatran and argatroban engage the S1, S2, and S4 subsites in the active site, they do so in distinct ways \[[@pone.0157471.ref035]--[@pone.0157471.ref037],[@pone.0157471.ref040]\]. Thus, the differences in exosite response elicited by the various inhibitors likely reflect unique points of contact within the allosteric network. In an analogous fashion, different exosite 1 ligands evoke unique changes in thrombin activity \[[@pone.0157471.ref014],[@pone.0157471.ref024],[@pone.0157471.ref039],[@pone.0157471.ref041],[@pone.0157471.ref042]\], suggesting that the exosites are composed of distinct subdomains \[[@pone.0157471.ref002],[@pone.0157471.ref043]--[@pone.0157471.ref046]\]. Consistent with the results observed here with fibrin and factor Va, argatroban has previously been shown to increase the affinity of hirudin peptide for exosite 1 on thrombin \[[@pone.0157471.ref047]\]. These observations were not limited to exosite 1 because argatroban and DAPA in the current study also increased the affinity of thrombin for GpIbα peptide; an interaction mediated solely by exosite 2. The structural explanations for how different small molecules can bind to active site of thrombin and evoke distinct responses at the exosites remain to be determined.

The observation that binding of dabigatran, argatroban or DAPA to the active site of thrombin induces changes at the exosites is consistent with the hypothesis that changes transmitted over the allosteric network are bidirectional. Most studies have focused on the effect of exosite ligands on active site function. However, calorimetry and fluorescence studies using peptide ligands demonstrate that structural changes that result from ligand binding at the active site or exosite 1 can run in both directions \[[@pone.0157471.ref021],[@pone.0157471.ref047],[@pone.0157471.ref048]\]. This property suggests that covalent occupation of the active site by FPR should alter exosite function; a concept supported by some studies \[[@pone.0157471.ref038],[@pone.0157471.ref049]--[@pone.0157471.ref052]\], but not by others \[[@pone.0157471.ref021],[@pone.0157471.ref053]--[@pone.0157471.ref055]\]. Results presented here suggest that noncovalent adducts also can modify exosite function, and represent another way by which thrombin can convert between different functional and conformational states \[[@pone.0157471.ref023]\]. Although extensive investigations of thrombin structure have not provided a unifying model of thrombin allostery, they demonstrate that thrombin is a highly dynamic molecule with numerous conformations and networks of internal communication.

The capacity of dabigatran to attenuate thrombin binding to fibrin and factor Va reveals a unique mechanism by which this inhibitor might function as an anticoagulant. Thus, in addition to inhibiting the catalytic activity of thrombin, dabigatran may displace thrombin from fibrin or platelets. This would reduce the protection of thrombin from inhibition afforded by such binding, and could further attenuate the thrombogenic potential of the thrombus \[[@pone.0157471.ref056],[@pone.0157471.ref057]\]. Such displacement would be similar to that produced by exosite-directed ligands, which also displace thrombin from fibrin or platelets \[[@pone.0157471.ref003],[@pone.0157471.ref058]\]. Because argatroban promotes thrombin binding to fibrin, it is likely that not all direct thrombin inhibitors benefit from this secondary effect. This raises the possibility that in addition to simple target potency, future efforts at structure-based drug design should consider the secondary effects of inhibitors; effects that may be altered by refining contacts within the active site.

In summary, our results suggest that active site inhibitors modulate thrombin function mediated by the exosites. This reverse direction of allosteric signaling provides greater insight into the dynamic nature of thrombin. Furthermore, different active site-directed agents evoke unique responses, demonstrating that their inhibitory function can be refined. Thus, exploitation of its allosteric network endows thrombin with additional mechanism of regulation without compromising its repertoire of substrates. This demonstrates that the versatility of thrombin is a consequence of the intricate connections between the active site and the exosites.
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